The Frasnian-Famennian transition of the Late Devonian was one of the most critical intervals in the Phanerozoic. Sulphur isotopic pairs of carbonate-associated sulphate and pyrite sulphide from coeval sections in South China and Poland reveal frequent perturbations of sulphur cycling during this time interval. These data suggest a sudden oceanic overturn during a rapid sea-level fall probably induced by jerky block tilting in the latest Frasnian. This event was followed by long-lasting photic-zone euxinia during a rapid sea-level rise in the earliest Famennian. Large increases in continental nutrient fluxes, and subsequent primary productivity and organic burial, could have greatly enhanced bacterial sulphate reduction, producing excessive sulphide through the water columns owing to iron depletion. Subsequently, rapid ventilation of oceanic basins occurred, during which direct aerobic oxidation of sulphide into sulphate predominated in bottom waters and even surface sediments with minimal fractionation. This oxygenation was probably induced by intensive climatic cooling and/or large-scale sea-level fall. The temporal coincidence of two extinction phases with the oceanic overturn and succeeding photic-zone euxinia suggests that these extreme oceanic events played an important role in the severe biotic crisis. Furthermore, photic-zone euxinia coupled with subsequent climatic cooling may have delayed post-extinction recovery of some taxa.
The Late Devonian Frasnian-Famennian (F-F) biotic crisis, one of the five greatest Phanerozoic mass extinction events, is characterized by stepwise, most typically two-phase massive demises. During this crisis, c. 80% of marine faunal species, particularly shallow-water tropical species, were lost and did not recover until near the end of the Devonian (McGhee 1996; Bambach et al. 2004; Racki 2005) . Various causes have been proposed for this critical event, of which oceanic anoxia is particularly favoured (Joachimski & Buggisch 1993; Algeo et al. 1995; Bond et al. 2004 ). Nevertheless, the mechanism, extent and timing of the anoxia remain uncertain (Racki 2005) .
Oceanic anoxic events (OAEs) occur when the deep ocean becomes temporarily oxygen-depleted (e.g. Jenkyns 1980; Arthur & Sageman 1994) . In some cases, hydrogen sulphide (H 2 S) concentration builds up to a toxic level in the water column and anoxia evolves into euxinia (Meyer & Kump 2008) . In anoxic zones of modern stratified lakes and restricted marine basins such as the Black Sea, conditions are favourable for bacterial sulphate reduction (BSR) to sulphide (Arthur & Sageman 1994; Kump et al. 2005) . Because BSR favours the lighter and more weakly bonded isotope 32 S, the resulting sulphide is typically depleted in 34 S relative to coeval sulphate owing to substantial kinetic isotope fractionation (Kaplan & Rittenberg 1964; Canfield 2001 ). This fractionation is largely mediated by water sulphate concentration. The isotopic difference between coeval sulphate and sulphide is widely regarded as a proxy for the isotopic fractionation that accompanies BSR, and is useful for understanding the palaeoceanographic conditions, sedimentary sulphur cycling and the atmospheric O 2 levels in Earth history (Canfield 2001; Habicht & Canfield 2001; Habicht et al. 2002) .
Numerous studies indicate that δ 34 S values of carbonate-associated sulphate (CAS) can faithfully record the isotopic signatures of coeval seawater sulphate (Burdett et al. 1989; Hurtgen et al. 2002) . This permits reconstruction of high-resolution, nearly continuous records of seawater sulphate evolution, the sedimentary sulphur cycle, and oceanic changes at particular time intervals (Newton et al. 2004; Bottrell & Newton 2006; Riccardi et al. 2006) . Although a few low-resolution sulphur isotopic data for sulphides and sulphates have been reported across the F-F boundary (Geldsetzer et al. 1987; Wang et al. 1996; Joachimski et al. 2001; John et al. 2010) , high-resolution sulphur isotopic data for both sulphate and sulphide have not previously been reported.
To improve understanding of oceanic sulphur cycling and palaeoceanographic changes during the Late Devonian F-F transition, we present high-resolution sulphur isotopic pairs of CAS and pyrite sulphide (δ 34 S CAS and δ 34 S py ) and relevant isotopic differences D. CHEN Et AL. 466 ∆ 34 S (= δ 34 S CAS − δ 34 S py ) in identical carbonate samples for this interval. Samples were collected at Fuhe (referred to as yangdi in other literature), Guilin in South China, and at Kowala, Holy Cross Mountains in Poland. These correlative sites were located on the eastern and western sides of the Palaeo-Tethys Ocean (Fig. 1a ) and therefore provide a cross-oceanic record of changes in ocean chemistry. Our data reveal perturbations in both δ 34 S CAS and δ 34 S py across the F-F boundary, in contrast to the low-resolution data of John et al. (2010) , which were used as evidence against a change in sulphur cycling across this boundary. Based on these data, we present a new discussion on palaeoceanographic changes and cross-oceanic sulphur cycling and possible impacts on the severe biotic crisis during the F-F transition.
Geological background
The Fuhe section is located in a spindle-to rhomb-shaped transtensional (yangshuo) interplatform basin surrounded by shallow carbonate platforms that restricted the water circulation and isolated the basin from continental influences (Fig. 1b; Chen et al. 2001 Chen et al. , 2002 . Within this basin, the F-F boundary succession is dominated by pelagic nodular limestones intercalated with calciturbidites and calcidebrites. Stratal cyclicity is well demonstrated in the deep-water deposits by decimetre-scale coarsening-or thickening-upward cycles that stack into metre-scale cycle-sets and larger-scale, third-order depositional sequences termed SFr and SFa (Fig. 2; Chen & Tucker 2003) . Cycle stacking patterns indicate that cycles and cycle-sets were formed in response to the orbital perturbations of precession (16−18 kyr) and eccentricity (c. 100 kyr), respectively (Chen & Tucker 2003) .
The Kowala section is located in a small semi-restricted to restricted intrashelf (half-graben?) basin (Checiny-zbrza). This basin was bounded to the north by the Kielce Swell (Diminy Reef) and to the south by a platform that was subsequently buried under a Mesozoic succession (Fig. 1c; Racki 1993; Wojcik 2012) . The F-F boundary succession is characterized by marly shales intercalated with thin-to medium-bedded limestones in which normally graded and hummocky cross-stratified beds are common ( Fig. 3) . Three lithological units, H2, H3 and H4, encompass the boundary succession ( Fig. 3 ; Racki et al. 2002; Bond et al. 2004) . units H2 and H4 are characterized by outer-ramp rhythmic, dark greenish grey marlstone-dominated successions but unit H4 is more argillaceous. The middle H3 unit is characterized by reddish to pink, medium-bedded limestones with hummocky cross-stratification, indicating a shallower mid-ramp depositional setting. Coarseningand cleaning-upward cycles are present and stack into larger-scale cycle-sets that are well correlated with those at Fuhe (Fig. 3 ). Scotese & McKerrow 1990 ). (b) Tectono-depositional setting of studied section at Fuhe, Guilin, South China; (c) Tectono-depositional setting of studied section at Kowala, southern Poland. A platform is supposed to be located south of the Checiny-zbrza basin and now is covered by Mesozoic strata (Racki 1993; Wojcik 2012) .
During the F-F transition, a third-order sea-level fall in the latest Frasnian (denoted interval I) is indicated by calcareous turbidite and tempestite packages at Fuhe and Kowala, respectively. This was followed by a sea-level rise (interval II) in the earliest Famennian. Higherfrequency sea-level fluctuations (fourth-order, c. 100 kyr) were superimposed on these longer-term events (Figs 2 and 3). Two phases (A and B) of massive biotic demise were temporally coincident with the onsets of third-order sea-level fall (interval I) and subsequent rise (interval II) at both localities (Racki et al. 2002; Chen & Tucker 2003) .
Research methods
To better constrain the biostratigraphy of the F-F boundary at Fuhe, new conodont biostratigraphic work has been carried out and the conodont zonation was refined ( Fig. 2) . Within the high-resolution stratigraphic frameworks mentioned above, fresh micritic limestones distal to fractures were sampled for geochemical analysis. At Fuhe, the rock samples were derived from the sample sets of Chen et al. (2005) .
Samples were first cut to remove the weathered surface and veins, and were examined microscopically. Chips without visible diagenetic euhedral pyrite crystals or their pseudomorphs were selected and then powdered. CAS was extracted for δ 34 S CAS analysis using modified methods from Burdett et al. (1989) and Hurtgen et al. (2002 Hurtgen et al. ( , 2006 . Sample splits of 50−120 g were soaked in a 4−6% sodium hypochlorite solution for about 12 h to remove any metastable or organic sulphur compounds. The powder was rinsed multiple times with deionized water and then dissolved in a 25% HCl solution for 2-3 h. The insoluble residue (Chen & Tucker 2003) . It should be noted that the F-F boundary is recalibrated by our new conodont data shown on the right. Relative sea-level changes of different orders are illustrated on the right. Arrows (A, B) mark the two phases of stepwise mass extinction during the F-F transition. was removed using 0.45 μm filters. Saturated BaCl 2 solution (10 ml, 10%) was added to the dissolved fraction to precipitate barite, which was heated for about 1 h and set aside for about 12 h. The barite was collected using the ashless filter paper. Barite (10-25 mg) was fully mixed with Cu 2 O + quartz sand at 1:8:8 relative proportions in a tin capsule and combusted to 1200 °C in the presence of copper turnings. Resultant SO 2 gases were isolated cryogenically in a vacuum line and sealed in an ultrapure quartz tube.
Pyrite was extracted for δ 34 S py analysis using the chromium reduction method of Canfield et al. (1986) . Sample splits of 10−20 g were treated with 100 ml CrCl 2 and concentrated HCl in a vessel and heated to about 120 °C for 1 h. The released H 2 S was immediately purged via the N 2 carrier gas and bubbled into a mixed solution of 2% AgNO 3 and 6N NH 4 OH, in which Ag 2 S was precipitated and then filtered and weighed to calculate the pyrite concentration. Afterwards the precipitate (Ag 2 S) was mixed with Cu 2 O in a tin capsule and combusted to 1050 °C to produce SO 2 gases, which were isolated cryogenically in a vacuum line and sealed in an ultrapure quartz tube.
The purified SO 2 gases extracted from sulphate and pyrite were used to analyse the sulphur isotopic ratio in a Finnigan Delta-S mass spectrometer at the Institute of Geology and Geophysics, Chinese Academy of Sciences. The measurements were monitored and calibrated with NBS-127 and internal laboratory standards. Sulphur isotopic ratios are expressed using standard δ-notation relative to Vienna Cañon Diablo Troilite (VCDT) standard. The analytical reproducibility is better than ±0.2‰, based on repeated analysis of the standards.
Results
At Fuhe, the new conodont data pin the F-F boundary to near the top of the calciturbidite horizon of sequence SFr (Fig. 2) , rather than at its top surface as proposed previously (Ji 1989 ). Paired δ 34 S CAS -δ 34 S py and related ∆ 34 S values across the F-F boundary are presented for Fuhe ( Fig. 4) and Kowala ( Fig. 5 ). At Fuhe, coupled positive excursions of δ 34 S CAS and ∆ 34 S values are revealed at the base of interval I, which then shift back gradually through this interval, particularly for ∆ 34 S (Fig. 4 ). More prominently, subsequent coupled negative shifts of δ 34 S CAS and δ 34 S py pairs with relative low ∆ 34 S values appear and persist through interval II Subsequently, rapid coupled positive excursions of δ 34 S CAS and δ 34 S py pairs occur just above interval II (from upper triangularis subzone). However, the δ 34 S CAS values increase with a smaller magnitude and even decrease further upwards, thereby leading to an apparent decrease in ∆ 34 S (8.4‰) and subsequent transient negative ∆ 34 S interval (−1.6‰ to −4.1‰; Fig. 4 ). At Kowala, similar patterns of δ 34 S CAS , δ 34 S py and ∆ 34 S are displayed with only minor differences; for example, the presence of a secondary coupled positive excursion of δ 34 S CAS and δ 34 S py values within interval II ( Fig. 5 ). Therefore, at the two localities, the δ 34 S CAS , δ 34 S py and ∆ 34 S values all show similar and significant fluctuations despite the wide separation of these localities across the Palaeo-Tethys Ocean (Fig. S1 ). However, the δ 34 S py and ∆ 34 S values generally display higher-frequency fluctuations than δ 34 S CAS values (Figs 4 and 5).
Evaluation of results

Pyrite oxidation during sample preparation
It is possible that the extracted CAS could be contaminated from pyrite oxidation during laboratory preparation (Marenco et al. 2008) or outcrop weathering. Weathering of pyrite would produce sulphate on rock surfaces or in fractures, but only freshly cut samples without fractures were prepared for powdering. Only carbonate samples with high pyrite content (i.e. >1.0 wt%) that were digested for longer than 8 h would have a potential risk of CAS contamination (Marenco et al. 2008; Kohl & Bao 2011) . To reduce the risk of contamination resulting from pyrite At Fuhe, the pyrite concentration in our samples is mostly <0.5 wt% ( Fig. 6a ). Only two samples have pyrite contents close to 1.0 wt%, of which FH′-47 at the base of interval II yields the same δ 34 S CAS value as the surrounding low-pyrite samples ( Fig. 4) , implying minimal influence from pyrite oxidation. More generally, the inverse relationship between δ 34 S CAS and δ 34 S py values in the upper part of interval I mitigates against CAS contamination ( Fig. 4) , which would tend to produce a positive covariance. Although the weak covariances between pyrite concentration and δ 34 S CAS values (R 2 = 0.23; Fig. 6a ) and between δ 34 S py and δ 34 S CAS values (R 2 = 0.36; Fig. 6b ) could reflect an influence of pyrite oxidation during digestion, we will argue below that they actually represent primary signatures of palaeoceanographic conditions. If contamination did exist, CAS concentrations would increase in concert with pyrite contents, thereby causing a drawdown of the δ 34 S CAS value (Riccardi et al. 2006 ). However, the poor correlations between pyrite and CAS concentrations (R 2 ≈ 0; Fig. 6c ) and between CAS concentrations and δ 34 S CAS values (R 2 ≈ 0; Fig. 6d ) indicate negligible additions of sulphate from oxidized pyrite.
Although the pyrite concentrations at Kowala are more variable than those at Fuhe, they generally show the same trend; that is, they are extremely low in interval I and relatively high in intervals pre-I and II (Fig. 5 ). As at Fuhe, we interpret the weak to moderate correlations between pyrite concentration and δ 34 S CAS value(R 2 = 0.48; Fig. 7a ) and between δ 34 S py and δ 34 S CAS values (R 2 = 0.21; Fig. 7b ) to result from palaeoceanographic conditions. Although low correlations are found in the cross-plots of pyrite and δ 34 S CAS v. CAS concentrations (R 2 = 0.24 and 0.25; Fig. 7c and d respectively) , the sample with the highest pyrite abundance (KW-20; 1.79 wt%) does not have the highest CAS concentration. Furthermore, sample KW-26, with the second highest content of pyrite (1.11 wt%), has the lowest CAS concentration and relatively high δ 34 S CAS value (Figs 5 Fig. 4 . Pyrite content and multiple isotopic (S-C-Sr) variations across the F-F boundary at Fuhe, South China. C-Sr isotopic data are from Chen et al. (2005) . Vertical dashed lines mark the averages of sulphur isotopic values. Horizontal dashed lines mark the two main phases (A, B) of biotic crisis during the F-F transition. and 7c, d). These negate any significant contamination of CAS by oxidized pyrite.
Diagenetic influences
It is necessary to consider the possibility that δ 34 S CAS values in the carbonates could have been altered during post-depositional diagenesis. The offshore basinal environments rule out penecontemporaneous meteoric recharge. Even if epigenetic meteoric processes did occur (i.e. along fracture networks), dissolution rather than precipitation of carbonates would prevail, such that textural alterations of impermeable host carbonates by meteoric fluids would be nearly impossible.
The samples for sulphur isotopic analysis are micrite-dominated, with very little organic matter, particularly those at Fuhe (Chen et al. 2005) . Any petrographic textures associated with recrystallization, dolomitization and precipitation of secondary microspar to sparry calcite were excluded. Multiple isotopic (δ 13 C carb , δ 13 C org , δ 18 O carb and 87 Sr/ 86 Sr ratios) studies of carbonates were conducted at Fuhe by Chen et al. (2005) , who found that primary seawater signals of δ 13 C carb and δ 13 C org , and even the more diagenetically sensitive 87 Sr/ 86 Sr ratios, were preserved in carbonates. This study utilized the same sample sets, so it is reasonable to assume that diagenetic influences on δ 34 S CAS values were also negligible. The poor correlation between δ 34 S CAS and δ 18 O carb values in identical samples (Fig. 6e ) further negates influence of meteoric or deep-burial diagenetic fluids that could have influenced δ 34 S CAS values.
Carbon isotope data from Kowala suggest that shallow-burial diagenesis may have occurred, especially in the organic-rich limestones . However, meteoric or deep-burial diagenetic rock-fluid interactions were almost negligible in view of the δ 18 O carb values of the limestones (−3.3‰ and −6.5‰, unpublished data), which are very close to those of coeval well-preserved brachiopod shells (Veizer et al. 1986 ). Therefore, the diagenetic influences on δ 34 S CAS values were minor; this is confirmed by the lack of evidence of allochthonous pore fluids displacing or mixing with residual seawaters in the formations.
Controls on sulphur cycling during the F-F transition
Oceanic chemistry and circulation
The weak to moderate covariance of pyrite contents and δ 34 S CAS values and that between δ 34 S CAS and δ 34 S py values shown in Figures 6 and 7 may partly reflect a low seawater sulphate level in the Late Devonian. Microbial culture experiments have shown that the degree of sulphur isotope fractionation that accompanies BSR in waters will decrease proportionally with sulphate concentration when it drops as low as 2 mM (Habicht et al. 2002) . This scenario is also consistent with relative low concentrations of CAS and pyrite and high-frequency fluctuations in δ 34 S CAS and δ 34 S py in the F-F boundary carbonates (Figs 4 and 5) , which indicate a short residence time for sulphate in the oceanic basins owing to a small reservoir and/or rapid flux (Ries et al. 2009 ). This hypothesis is further confirmed by the independent evidence from fluid inclusions of Late Devonian evaporites (c. 7 mM relative to c. 28 mM in the modern ocean; Lowenstein et al. 2003) .
Furthermore, the semi-restricted to restricted basin morphology could have limited the lateral water circulation with the open sea (Fig. 1b, c) and further enhanced the oceanic stratification under the warm climate. This could have further aggravated intrabasinal sulphate depletion in view of the Devonian sulphate-depleted ocean. In such basins, progressive BSR would consume much of the available sulphate and lead to 34 S enrichment in that which remained. With insufficient replenishment, this would drive sulphur isotope compositions of both sulphate and sulphide proportionally to be heavier (Saelen et al. 1993; Habicht et al. 2002; Ries et al. 2009; Adams et al. 2010) . Meanwhile, such small sulphate SuLPHuR CyCLING DuRING F-F TRANSITION 471 pools could be readily affected by allogenic factors (Adams et al. 2010) , such as rapid sea-level fluctuations facilitating frequent perturbations in sulphur cycling, particularly in such restricted, small offshore basins without direct continental sulphur influx (Fig. 1a ).
Oceanic overturn in the latest Frasnian
Coupled positive shifts in δ 34 S CAS and ∆ 34 S without apparent decrease in δ 34 S py occurred simultaneously at the two studied sections in the latest Frasnian at interval I (latest linguiformis zone; Figs 4 and 5). This scenario is inconsistent with the isotope mass balance that controls the sulphur isotope fractionation that accompanies BSR. During this process, the resulting sulphides are isotopically lighter than coeval sulphates, as observed in both laboratory experiments and modern oceans (Kaplan & Rittenberg 1964; Canfield 2001; Adams et al. 2010) .
To better understand the context that resulted in the anomalous sulphur cycling at the onset of interval I, it is necessary to examine the sulphur cycling prior to this time. The decreases in ∆ 34 S values before this anomaly (Figs 4 and 5) indicate a synchronous drop in sulphate concentration in basins (e.g. Habicht et al. 2002) . On the other hand, the coeval third-order sea-level highstand and slight fall (Figs 2 and 3) would have caused a lowering of the storm wave base and simultaneously enhanced carbonate production on platforms and shedding with ventilated waters into the restricted and anoxic basins. These may have forced contraction of anoxic waters downdip (Fig. 8a) . In the decreased anoxic deep water bodies, the poorly renewed sulphate reservoir would become more exhausted and 34 S-enriched with depth owing to continuing BSR (Saelen et al. 1993; Adams et al. 2010) . Pyrite formed in this evolved reservoir would become 34 S-enriched as well, and smaller ∆ 34 S values would result (Canfield 2001; Habicht et al. 2002) .
At the base of interval I, the sharp larger-scale increase in δ 34 S CAS than δ 34 S py values and concomitant increase in ∆ 34 S values indicate a rapid rise in sulphate concentration in the studied basins. This paradoxical scenario may be explained by a catastrophic chemical overturn, which was proposed to account for the rapid positive δ 34 S sulphate excursion in oceanic basins particularly during the Late Devonian (Holser 1977; Goodfellow & Jonasson 1984; Strauss et al. 2001 ). However, the mechanism for triggering such an overturn has not been well documented. The occurrences of calciturbidites or calcidebrites and tempestites at the base of interval I reflect a sudden sea-level fall (Figs  2 and 3) , which may have been further induced by block tilting in the context of extensional tectonism (Racki 1998; Chen et al. 2001 Chen et al. , 2002 Chen & Tucker 2004) . These factors could have enhanced mass flows on steep slopes and/or storm currents on mid-to outer ramps, and drove surface waters downward to the basin and bottom waters upwards to the surface, causing oceanic overturn (Fig. 8b) . In this case, the oceanic stratification was temporarily upset and the sulphate within the basins was replenished so that the δ 34 S CAS values quickly returned to the values of a normal (or near-normal) oceanic system depending on the efficiency of watermass exchanges (Fig. 8b) .
The coincidence of the δ 34 S CAS spike with the short-term negative δ 13 C shift at the beginning of interval I at the two localities (Figs 4 and 5; Joachimski et al. 2001; Chen et al. 2005) is also in agreement with an oceanic overturn that drove the 12 C-enriched deeper waters upwards into the surface waters. At Kowala, the negative δ 13 C shift of organic n-alkanes and isoprenoids derived from photoautotrophic eukaryotic algae, which prevailed in surface waters, is less apparent than that of hopanes derived from chemoautotrophic and heterotrophic eubacteria, which prevailed in deeper waters (Fig. 5 ). This pattern also supports an oceanic overturn. This short-term negative δ 13 C perturbation is more apparent in the organic carbon dataset at the base of the prominent positive δ 13 C excursion across the F-F successions at numerous localities (Joachimski & Buggisch 1993; Joachimski 1997; Murphy et al. 2000; .
Enhanced productivity and oceanic euxinia in the earliest Famennian
The most prominent feature of sulphur cycling during the F-F transition is the large coupled negative δ 34 S CAS and δ 34 S py excursion in the earliest Famennian (interval II ; Figs 4 and 5) . This anomalous cycling accompanied the third-order sea-level rise (Figs 2 and 3) superimposed on a second-order sea-level highstand (Johnson et al. 1985) . Examining published carbon and strontium isotopic data from the two sections (Joachimski et al. 2001 Racki et al. 2002; Chen et al. 2005) , the coupled negative δ 34 S excursions are coincident with the positive excursions of coupled δ 13 C and 87 Sr/ 86 Sr ratios (Figs 4 and 5) . This inverse relationship between sulphur and carbon cycling suggests that the 34 S-depleted sulphate pool was temporally associated with increased primary productivity and subsequent burial of organic carbon. The concomitant positive shift of 87 Sr/ 86 Sr ratios (Ebneth et al. 1997; Veizer et al. 1997; Chen et al. 2005) indicates that the enhanced bioproductivity was in turn induced by increased continental flux into marine basins. Furthermore, a third-order sea-level rise during this interval (Figs 2 and 3) indicates warm and humid climatic conditions. This scenario could have greatly enhanced hydrological cycling, chemical weathering and subsequent continental weathering flux (Weissert & Erba 2004) . These processes are also in agreement with the context of broader geological processes including the landward colonization of vascular plants (Algeo et al. 1995) . In these circumstances, the increased continental flux would have amplified the flux of isotopically light sulphur (average δ 34 S weathering c. 6‰; Adams et al. 2010) into marine basins, increasing the oceanic 34 S-depleted sulphate reservoir. This could have partially resulted in the coupled negative excursion of δ 34 S CAS and δ 34 S py pairs.
Increased primary productivity and burial of organic carbon in anoxic marine basins could have greatly enhanced BSR activity, producing voluminous amounts of H 2 S. Some could be sequestered as pyrite in sediments and the remainder would have been released into the water column or even into the atmosphere depending on the Fe 2+ availability. However, an apparent decrease in Fe availability and a slight increase in pyrite abundance in sediments are shown in interval II (Figs 4 and 5; Ma & Bai 2002; Racki et al. 2002; Pujol et al. 2006; Xu et al. 2008) . This suggests an apparent enhanced BSR with an Fe deficiency so that most of the H 2 S produced had not been sequestered in the form of pyrite. In such conditions, the excess H 2 S gases were continuously released and diffused upwards into the photic zone, creating long-lasting photic-zone euxinia (i.e. Kump et al. 2005 ; Fig. 8c ). This scenario is similar to the case of the late Cenomanian productivity-induced oceanic euxinia of the Cretaceous (Kuypers et al. 2002) .
Photic-zone euxinia is also corroborated by the identification of biomarkers for the anoxygenic photosynthetic green sulphur bacteria SuLPHuR CyCLING DuRING F-F TRANSITION 473 in sediments of interval II. For example, at Kowala (Fig. 5) , the presence of isorenieratane and its derivative has been recorded (Joachimski et al. 2001) . Biomarkers of green sulphur bacteria in the equivalent horizons in North America (Brown & Kenig 2004) further confirm photic-zone euxinia there. Moreover, a delayed maximum of δ 13 C org versus δ 13 C carb data at Fuhe indicates a decreased carbon isotope difference between them (Fig. 4) . This may be also contributed partly by green sulphur bacteria as a result of the low fractionation effect of carbon isotopes during anoxygenic metabolism (Van Breugel et al. 2005; Riccardi et al. 2007 ).
Furthermore, a high concentration of H 2 S in the photic zone would favour direct oxidation of H 2 S into sulphate by anoxygenic photosynthetic bacteria with very small fractionation (Fry et al. 1986; Habicht & Canfield 2001; zerkle et al. 2009 ). This could have also contributed somewhat to the negative excursion of δ 34 S CAS and relatively low ∆ 34 S values imparted by the light isotopes of released H 2 S (Figs 4 and 5) . Therefore, the coupled negative excursion of δ 34 S CAS and δ 34 S py could have resulted from both increased weathering flux of isotopically light sulphur and reduced burial flux of pyrites (and/or increased H 2 S release) owing to oceanic Fe 2+ deficiency.
Although the massive burial of organic carbon could have induced subsequent climate cooling , it may not have significantly influenced the chemical weathering and continental nutrient flux into oceans, especially in lowlatitude areas. The delayed 87 Sr/ 86 Sr versus δ 13 C carb maxima is probably a reflection of this ( Fig. 4; Chen et al. 2005) . This condition could have sustained the high productivity and/or organic burial, and subsequent BSR-mediated H 2 S production and build-up in water columns until near the nadir of climate cooling. During interval II, the coupled negative excursion of δ 34 S CAS and δ 34 S py values at Fuhe covers about three eccentricity-driven cycles ( Fig. 4 ; Chen & Tucker 2003) , implying persistence of the photic-zone euxinia, at least for c. 300 kyr. At Kowala, however, a short-term positive perturbation of δ 34 S CAS and δ 34 S py pairs is located in the upper part of a fourth-order depositional cycle within interval II (Fig. 5 ). This fact indicates that the transient 'heavy sulphur event' was temporally coincident with the shorter-term fourth-order sealevel fall during which the smaller and shallower basin was more ventilated by enhanced storm currents. In this case, the redox interface would have fallen below the sediment surface, leading to the isotopically heavy sulphur in the relatively closed pore waters in sediments owing to Rayleigh distillation.
Rapid oxygenation of oceanic basins in the early Famennian
Coupled positive excursions of δ 34 S CAS and δ 34 S py pairs are present at both localities above interval II, although only the initial portion is present at Kowala (Figs 4 and 5 ). In this 'sulphur heavy event', the magnitude of the δ 34 S CAS shift is lower than that of δ 34 S py (c. 25‰ v. c. 35‰), thus resulting in an apparent decrease in ∆ 34 S at the spike (8.4‰) and subsequent negative ∆ 34 S values (−1.6‰ to −4.1‰). This is in contrast to a sudden ∆ 34 S increase at the base of interval I (Fig. 4) . ∆ 34 S values that accompany BSR are strongly influenced by sulphate availability; therefore a rapid decrease in ∆ 34 S value indicates a large-scale drop in sulphate level (Canfield 2001; Habicht et al. 2002; Ries et al. 2009 ). This was unlikely to have been induced by oceanic overturn, which is proposed to cause the ∆ 34 S increase at the onset of interval I. The slight sea-level fall after interval II (Figs 2 and 4) could have lowered the storm wave base level and redox interface, resulting in a contraction of anoxic watermasses within the basins (Fig. 8a) . This could readily result in a drawdown of the sulphate level through progressive BSR consumption and this may be the origin of coupled positive excursions of δ 34 S CAS and δ 34 S py pairs with decreased ∆ 34 S in the deep-water successions (Fig. 4 ; Habicht et al. 2002; Ries et al. 2009; Adams et al. 2010) . However, the presence of negative ∆ 34 S values is puzzling, as sulphur isotope fractionation during BSR is generally greater than zero (2-45‰) even as the seawater sulphate concentration declines substantially (Kaplan & Rittenberg 1964; Habicht & Canfield 1997; Canfield 2001) .
Such a paradox with negative ∆ 34 S values was also reported in the Neoproterozoic carbonates in NW China (Shen et al. 2008) and elsewhere (Ries et al. 2009 ). The former study proposed that sulphate and pyrite were derived from isotopically distinctive reservoirs in a chemically stratified basin or a basin with a sulphate minimum zone. In contrast, the latter study suggested that this scenario was caused by intense aerobic reoxidation of dissolved sulphide within sediments in very low sulphate waters, by which large negative ∆ 34 S values (average −8.2‰) were produced. The second scenario is probably more applicable to the current results. Laboratory work has shown that the sulphate produced by aerobic, abiotic oxidation of H 2 S is depleted in 34 S (relative to the parent H 2 S) by 4−5‰ (Fry et al. 1986 (Fry et al. , 1988 . This could result in enriched δ 34 S sulphide relative to δ 34 S sulphate in the low-sulphate seawaters via Rayleigh-type distillation (Ries et al. 2009 ). The occurrence of pink to reddish nodular limestones in this negative ∆ 34 S interval (e.g. Chen et al. 2001; Chen & Tucker 2003) confirms coeval completely oxygenated bottom waters on the basin floor. The redox interface must therefore have moved further downwards beneath the sediment surface, so that almost all of the dissolved H 2 S produced in the diminished sulphate-depleted anoxic pore waters could have been reoxidized before precipitation as pyrite, resulting in sulphate depleted in 34 S (or negative ∆ 34 S values; Figs 4 and 8d ).
Recent geological evidence shows an onset of extensive glaciation on Gondwana probably from the late triangularis subzone of the early Famennian (Isaacson et al. 2008) , which was probably temporally linked to this rapid oxygenation event. In this case, the glaciation-induced cooling could have driven more intense oceanic circulation by sinking of polar cold, dense and oxygenenriched waters (e.g. Broecker 1997) . The synchronous large-scale eustatic sea-level fall could also result in large-scale propagation of siliciclastic depositional systems into marine basins (e.g. Johnson et al. 1985; Isaacson et al. 2008) . Both processes could have led to the rapid oxygenation of bottom waters of nearshore and offshore basins.
Implications for the biotic crisis during F-F transition
The F-F biotic crisis was characterized by two episodes of stepwise extinction: the first massive decline (A) in concert with the major sea-level fall (interval I) and a further demise (B) coincident with the subsequent major sea-level rise (interval II) (Chen & Tucker 2003; Figs 2 and 3) . Our sulphur isotopic data suggest that oceanic overturn occurred at the onset of major sea-level fall and the longlasting (c. 300 kyr) photic-zone euxinia took place during the major sea-level rise. The temporal coincidence of the biotic crises with sudden oceanic changes (physically and chemically) suggests a causal link.
The overturning of deep anoxic waters into the surface waters could have created detrimental ecological niches in shallow-water regimes, particularly along platform marginal zones where shallow-water benthic, notably reef-building organisms colonized. This condition could have resulted in anoxic suffocation of the benthos, leading to the initial mass die-offs (McGhee 1996; Racki 2005) . The succeeding episodic hydrothermal (or volcanic) activity during interval I (Racki 1998; Ma & Bai 2002; Racki et al. 2002; Chen et al. 2005; Pujol et al. 2006; Xu et al. 2008) could have further degraded the fragile ecological conditions.
Our data suggest that the subsequent long-lasting photiczone euxinia prevailed in the marginal basins across the Palaeo-Tethys Ocean, and similar conditions have been reported elsewhere around the world (Joachimsk & Buggisch 1993; Over 2002; Bond et al. 2004) . This scenario could have created more fragile and harsher ecological conditions for the organisms. The substantially decreased benthos that colonized shallow waters with excessive H 2 S would have been affected by olfactory nerve paralysis and blood anoxia (e.g. Kump et al. 2005) . Moreover, the massive decline ended just prior to the latest photic-zone euxinia (interval II; Figs 4 and 5). This temporal relationship suggests that this extreme oceanic condition and subsequent severe climatic cooling could have further delayed the subsequent recovery until near the end of Devonian, at least for some taxa.
Conclusions
This study shows frequent anomalies of sulphur cycling and oceanic changes during the Late Devonian F-F transition in South China and Poland, based on the paired sulphur isotope data of CAS and pyrite in carbonates. The main conclusions drawn are as follows.
(1) In the latest Frasnian, the rapid sea-level fall that was induced possibly by block tilting could have enhanced turbidity and/ or storm currents and thereby induced oceanic overturn in partially restricted, stratified and anoxic basins. This process could have driven the deep anoxic, 34 S-enriched watermasses depleted in sulphate upwards into surface waters and replenished the depleted sulphate pool within the basins, leading to coupled excursions of δ 34 S CAS and ∆ 34 S. (2) In the earliest Famennian, the subsequent large-scale sea-level rise under a warmer and humid climate would have enhanced hydrological cycling and chemical weathering, and greatly increased fluxes of oxidized pyrite ( 34 S-depleted sulphate) and nutrients into oceans, resulting in a high primary productivity and burial of organic matter. In this context, the greatly enhanced BSR activity would have produced excessive 34 S-depleted H 2 S gases that diffused upwards into the shallow waters owing to the Fe depletion, creating severe photiczone euxinia. The direct oxidation of isotopically light H 2 S into sulphate through anoxygenic metabolism in photic zones, together with increased continental isotopically light sulphate flux, could have produced the coupled negative excursions of δ 34 S CAS and δ 34 S py pairs with relative low ∆ 34 S values. (3) At the late triangularis subzone, onset of extensive Gondwana glaciation and major sea-level fall could have improved seawater circulation and shrunk the sulphatedepleted, anoxic deep watermasses in the silled basins, possibly causing complete oxygenation. This resulted in the sudden coupled positive excursions of δ 34 S CAS and δ 34 S py pairs with reduced, even negative ∆ 34 S values owing to direct aerobic oxidation of sulphide into sulphate depleted in 34 S relative to the sulphide within sediments. (4) The extreme oceanic events during the F-F transition were causally linked to the coeval severe biotic crisis. The overturn of anoxic deep waters to the surface could have caused suffocation of shallow-water benthos, leading to their first massive decline. The subsequent photic-zone euxinia would have resulted in a further demise for the benthos that were persistently exposed to the toxic H 2 S gases, and delayed recovery, together with the succeeding severe climate cooling.
